Renibacterium salmoninarum was identified in situ by immunoenzymatic and immunofluorescence techniques in paraffin-embedded tissue specimens collected during a natural outbreak of bacterial kidney disease (BKD) and from an experimental infection in Atlantic salmon (Salmo salar L.). Monoclonal antibodies (MAbs) 4D3 and 2G5 were used in this study, both specific for the 57-58-kD outer membrane protein (p57) of the bacterium. Both MAbs revealed positive staining in ethanol-fixed tissue specimens, but only the epitope identified by MAb 4D3 was formalin resistant. Pretreatment with trypsin did not reestablish the antigenicity for the epitope identified by Mab 2G5. Paired immunoenzymatic staining for identification of the bacterium in sequential incubation steps on ethanol-fixed tissue specimens using an avidin-biotin-peroxidase system was obtained after serial dilution of the Mab (2G5) or the chromagen, amino ethyl carbazole, in the first sequence. Paired immunofluorescence staining with well-balanced color mixing was easily obtained on ethanol-fixed tissue specimens using sequential incubations. Single exposures gave blue (aminomethyl coumarin acetic acid) and green (fluorescein isothiocyanate) fluorescence for MAbs 2G5 and biotinylated 4D3, respectively. Color mixing was revealed as a turquoise staining. Studies on method sensitivity was performed by incorporating a known amount of a protein preparation of p57 into an inert matrix, creating an artificial test substrate. Antigen detection sensitivity based on an immunoenzymatic alkaline phosphatase method and Fast Red as chromagen and evaluated by an image-analysis system creating a relative grey-level score showed an 8-fold higher detection sensitivity on ethanol-fixed as compared with formalin-fixed specimens. Monoclonal antibodies specific for the outer membrane protein of Renibacterium salmoninarum are well suited for use in immunohistochemical techniques for in situ identification of the bacterium in paraffin-embedded tissue specimens. Serial evaluation of paired stained sections with a confirmatory diagnosis of BKD being dependent on both MAbs giving a positive reaction would increase the specificity of the test. Simultaneous identification of the two epitopes of p57 on the same section was dependent on ethanol-fixed tissue specimens.
Renibacterium salmoninarum is the causative agent of bacterial kidney disease (BKD), which results in significant mortality in salmonids throughout the world. The bacterium, which is facultatively intracellular, is transmitted horizontally by movement of infected fish and fish products 25 and vertically by infected eggs. 11 Although the pathogenesis is poorly established, infected fish typically show an enlarged kidney with small nodular grayish foci. 13 Histologically, the lesions appear as granulomas, most frequently in the interstitium of the kidney but also found in the heart, accompanied by an epicarditis, and in the spleen and liver. 13 Other than bacterial culture, many techniques have been de-veloped to identify the bacterium, including immunohistochemical methods for in situ detection of the agent in paraffin-embedded tissue specimens. 8, 17 A prerequisite for developing a successful immunohistochemical staining is an antiserum/monoclonal antibody that gives a reaction of high sensitivity and specificity. 15 Many variables influence staining sensitivity; the avidity of the primary antibodies, the penetration of the reagents, and tissue preparation. 31 Tissue preparation is a cornerstone in immunohistochemistry, 6 and studies on method sensitivity (lowest amount of antigen detected) have shown that precipitating fixatives (ethanols) are superior to cross-linking fixatives (aldehydes), possibly because of marked masking of antigens by the aldehydes. 7 Reaction intensity and end point dilution of primary antibodies are often incorrectly taken to indicate method sensitivity. 31 Assessment of a fixative's influence on method sensitivity is best performed with a known amount of antigen incorporated into an inert matrix, creating an artificial test substrate. 7 Specificity in immunohistochemistry is troublesome, especially because antibody specificity is difficult to determine. 27 Using polyclonal antisera, lot variations occur, and cross-reactivity is commonly associated with such sera, also being observed for polyclonal antisera against R. salmoninarum. 28 Cross-reactivity has also been reported for monoclonal antibodies (MAbs) against R. salmoninarum in enzyme-linked immunosorbent assay techniques, l although recently MAbs, 4D3 and 2G5, have been reported to identify 2 different surface protein epitopes unique for R. salmoninarum. 34 These MAbs have not been previously evaluated for immunohistochemical identification of the bacterium in paraffin-embedded tissue specimens. Moreover, simultaneous identification of the two antigens/epitopes by paired immunostaining 22, 32 will increase the specificity of the test if the results are evaluated in series, i.e., a positive diagnosis is only given to those fish that are positive by both tests (double stained). 21 The aims of the present investigation were to 1) establish a method for immunohistochemical identification of R. salmoninarum in paraffin-embedded tissue specimens using MAbs 4D3 and 2G5; 2) evaluate method sensitivity for the different fixatives using artificial test substrates; and 3) develop a double-staining technique for in situ identification of the bacterium.
Materials and methods
Fish/tissue specimens. Tissue specimens were collected from 20 Atlantic salmon (Salmo salar L.) from 2 different groups. Group I consisted of fish from a natural outbreak of BKD in a commercial fish farm on the west coast of Norway (10 fish), and Group II were fish experimentally infected with R. salmoninarum (10 fish). The Group II fish (50-75 g) were injected intraperitoneally with 10 8 R. salmoninarum dissolved in sterile phosphate-buffered saline. The fish were kept at 10 C, and specimens were collected 4-5 wk after injection.
Organ samples from kidney, liver, and spleen, when affected, were collected and fixed by immersion in either neutral buffered formalin (pH 7.2-7.4) for 48 hr at room temperature or 100% ethanol for 48 hr at 4 C. Formalin-fixed tissue specimens were processed routinely, and ethanol-fixed tissue specimens were transferred directly to xylene. All specimens were embedded in paraffin at 58-59 C, cut at 4-5 µm, and placed on gelatin-coated slides.
Monoclonal antibodies. The cells lines 4D3 and 2G5 were supplied by Dr. S. Kaattari, Oregon State University, Corvallis, Oregon. MAbs 4D3 and 2G5 were collected from. ascites fluid and cell supernatant, respectively, purified on a MAPS II column a with protein determination performed using a Biorad protein assay a with bovine serum albumin b (BSA) as standard. Biotinylation of MAb 4D3 was performed as previously described. 34 Staining methods. Incubations with primary antibodies were performed for 1 hr at 37 C in a humidified chamber. All incubations were followed by washing for 5 min in 0.05 M Tris-buffered saline (TBS; 60.57 g Tris-hydroxymethylaminomethan, 610 ml distilled water, 390 ml 1 N HCl in 900 ml 0.8% NaCl, pH 7.6) for immunoenzyme studies or 0.15 M phosphate-buffered saline (PBS; 8.006 g NaCl, 0.201 g KCl, 0.204 g KH 2 PO 4 , 4.124 g Na 2 HPO 4 [2H 2 O] in 1,000 ml distilled water, pH 7.3) for immunofluorescence studies. The sections with single immunoenzyme staining were counterstained with hematoxylin. Coverslips were mounted using an aqueous mounting medium b on sections for immunoenzyme studies and using PBS-glycerol on sections for immunofluorescence studies.
Immunoenzyme staining (IES). Tissue sections from specimens fixed in formalin and ethanol were incubated with MAbs 4D3 and 2G5 using avidin-biotin alkaline phosphatase and Fast Red chromagen. Sections pretreated with trypsin were handled as follows: Sections were incubated with trypsin c (10 mg/ml) in Tris/HCl with 0.1% CaCl 2 , pH adjusted to 8.0 by adding NaOH. The sections were then overlaid with the trypsin solution and incubated for 10, 30, 60 and 120 min, respectively. Incubations were performed at 37 C. The slides were washed twice in cold PBS for 5 min. The incubation procedure has been previously described. 12 MAbs 4D3 and 2G5 of isotype IgG 1 (K) 34 were used at a working concentration of 1.8 µg/ml and 2.8 µg/ml, respectively. Both MAbs were diluted in either TBS or PBS containing bovine serum albumin (BSA, b 25 mg/ml). The sections were incubated at 37 C for 1 hr. Secondary antibody, rabbit anti-mouse immunoglobulin conjugated to biotin d was diluted 1:300 in TBS with BSA (25 mg/ml), and sections were incubated for 30 min at room temperature. Avidinbiotin-alkaline phosphatase d (diluted 1:300 in TBS with BSA) or avidin-biotin-peroxidase d (diluted 1:300 in PBS with BSA) was used to incubate sections for 30-60 min at room temperature. For single staining with either 4D3 or 2G5, Fast Red b (1 mg/ml) and naphthol AS-MX-phosphate b (0.2 mg/ ml) with 1 mM levamisole a as inhibitor in 0.1 M Tris buffer was applied. Fast Blue BB salt b (1 mg/ml) and naphthol AS phosphate b (0.1 mg/ml) in 0.1 M Tris HCl buffer, pH 9.0, or 3-amino-9-ethylcarbazole b (AEC, 4 mg/ml) in N,N-dimethylformamide b dissolved in 0.1 M acetate buffer, pH 5.2, and with 0.03% H 2 0 2 , b was used for paired immunoenzyme staining. Reaction times were 20 min, 10-15 min, and 15 min, respectively.
Paired IES. The incubations were performed in sequential steps. The first sequence was performed with MAb 2G5, and the second sequence was done with biotinylated 4D3 (20 µg/ ml). Peroxidase and AEC, and alkaline phosphatase and Fast Blue, were used in the first and second sequence, respectively, or vice versa. Based on the previously described sheltering effect of peroxidase and its chromagen, 31 the degree of color mixing when using peroxidase and AEC in the first sequence was evaluated by varying the concentration of 2G5 (0.175, 0.0875, and 0.022 µg/ml, respectively), keeping the concentration of biotinylated 4D3 constant, or by varying the concentration of AEC (4, 2, 1, and 0.5, mg/ml, respectively), keeping the concentration of Fast Blue constant.
Controls giving a red-brown or pure blue color were ob-tained for both models by rendering the first or second sequence incomplete by buffer-substituting the reagents steps.
Immunofluorescence staining, single and paired incubations. Single and paired incubations were performed; sequential steps were used for the paired incubations. The primary antibodies were used as described above. Secondary incubation steps included aminomethyl coumarin acetic acid (AMCA)-conjugated horse anti-mouse (HAM) IgG, e diluted 150 in PBS with BSA (25 mg/ml), and/or fluorescein isothiocyanate (FITC)-labeled streptavidin d diluted 1:50 in PBS with BSA. Sections were incubated for 1 hr at 37 C.
For evaluation of color mixing, 2G5 and AMCA-HAM IgG were used in the first sequence, and biotinylated 4D3 and FITC-conjugated streptavidin was used in the second sequence.
Controls andperformance testing. Sections of kidney from fish with BKD (positive on bacteriology) were incubated with heterologous MAbs of the same isotype. Kidney sections from healthy fish from fresh and seawater were also included as controls. End point dilutions were evaluated on ethanolfixed specimens and determined as the highest dilution giving a discernible reaction. ed with MAb 4D3 (1.8 and 3.6 µg/ml) and developed using avidin-biotin-alkaline phosphatase and Fast Red as chromagen as described above. Staining efficiency was estimated as specific staining minus background, measured by computerassisted densitometry analysis. A video-image analysis system f was used for this purpose. The specific staining from each positive block (S,) was related to the negative block (S o ), and the reaction intensity was estimated by a gray level score. Each image is divided into 500,000 pixels, and the gray level of each pixel was determined. Staining efficiency was calculated for each dilution of the antigen, expressed as (S 1 -S 0 )/S 0 . 31 The values that expressed the relative intensity were estimated using the formula and were based on the average of 5 different rectangles. Only areas located the length of 1 rectangle away from the edge were estimated, thereby avoiding the edge effect often observed in immunohistochemical stainings. Areas in the gel with cracks or unevenness were also avoided.
Microscopy and photography. Immunoenzyme staining was examined under a Leitz microscope and photographed using an Ektachrome 64 ASA diapositive fi1m. g Solubleprotein preparations. The protein preparations were made as previously described. 9 Renibacterium salmoninarum (Norwegian strain NV1 932) was grown on biphasic KDM-C 10 for 12 days at 17 C. Bacterial cells were then collected and washed 3 times with sterile 0.9% saline. The antigen was extracted from the cells by washing in sterile distilled and ion exchanged water and was concentrated by ultrafiltration with a 10-kD cutoff to a protein concentration of 430 µg/ml. Aliquots were stored at -20 C.
Immunofluorescence was examined under a Leitz microscope equipped with an epifluorescence vertical illuminator for selective observation of green emission (blue filter, excitation at 450-490 nm, emission at 520 nm) and blue emission (A filter, excitation at 340-380 nm, emission at 430 nm). The separated emission colors were photographed using an Ektachrome 800 ASA diapositive fi1m. g Double exposures of the same focus were used for visualization of paired immunofluorescence staining.
Protein preparations were electrophoresed on sodium dodecyl sulfate polyacrylamide gels according to previous descriptions; l9 the main protein band was a doublet of 57 and 58 kD.
Bacteriologic examination. Cultivation was performed on plates of selective kidney disease medium 3 for up to 6 wk, and bacteria were verified as R. salmoninarum in an API-ZYM system 2 and by an indirect immunofluorescence technique using MAb 4D3. Artificial antigen substrates. Artificial substrates were made as previously described. 4, 33 BSA was dissolved at 45 mg/ml in 0.2 M acetate buffer, pH 5.0, and polymerized with 2.5% glutaraldehyde (final concentration). The resulting gel was washed in PBS (0.01 M phosphate buffer, pH 7.6, with 0.15 M NaCl) for 3 days at 4 C and sliced into small blocks, 3 x 3 x 3 mm, that were soaked with 7 steps of 2-fold (430-6.7 µg/ml) and 5 steps of lo-fold (430-0.043 µg/ml) dilutions of protein preparations (see above). Diffusion of antigens was performed at 4 C for 10 days. Control blocks were stored in PBS at 4 C. After diffusion, the gel blocks were fixed in formalin and 100% ethanol, respectively, for 2 days at 4 C, transferred to xylene, and embedded in paraffin. Each positive block was embedded in paraffin with a negative control block.
Results
Sections were cut at 5 µm, transferred to glue-coated slides, and stained with MAb 4D3 using alkaline phosphatase and Fast Red as described above. No counterstaining was used, and the sections were mounted as described above.
Immunoenzyme staining, evaluation offixatives. In sections from kidney specimens fixed in ethanol, a strong reaction was observed using both MAbs in the cytoplasm of macrophages and epithelioid cells in granulomas and in areas of diffuse infiltration of inflammatory cells. The reaction was observed as small granules, single or multiple, resembling small bacteria ( Fig. la) . In tissue specimens collected from the natural outbreak, positive reactions were found only in granulomas. In parallel formalin-fixed tissue specimens, a faint reaction was demonstrated using MAb 4D3, observed as small granules in the cytoplasm of a few macrophages (Fig. 1b) . The reaction was difficult to differentiate from nonspecific color products. MAb 2G5 gave no reaction on sections from formalin-fixed tissue Evaluation of staining results using artificial antigen sub-specimens, and pretreatment with trypsin did not reesstrates. Antigen detection sensitivity, expressed as the end tablish the antigenicity. point of positive staining represented by the lowest staining Based on these results, only ethanol-fixed tissue intensity that could be distinguished from background, 7,26 specimens were included when performing paired IES, was evaluated using a Leitz Orthoplan microscope and com-immunofluorescence, and paired immunofluorescence puter-assisted densitometry analysis. Sections were incubat-staining.
End point dilution values for 4D3 and 2G5 in ethanol-fixed tissue specimens were 0.18 ng/ml and 0.0875 µg/ml, respectively. Paired IES. Undesirable color mixing was evaluated using MAb 2G5 and peroxidase/AEC in the first sequence and heterologous MAb and alkaline phosphatase/Fast Blue BB salt in the second sequence; a clear red-brown color was obtained when no color mixing took place (Fig. 2a) . A similar test was performed using a heterologous MAb in the first sequence and biotinylated 4D3 and alkaline phosphatase and Fast Blue BB salt in the second sequence; a pure blue color was produced (Fig. 2b) . The color mixing observed for paired IES is summarized in Table I . At concentrations in the first sequence of MAb 2G5 and chromagen AEC of 2.8 µg/ml and 4 mg/ml, respectively, no color mixing was observed. Only a faint blue background staining was observed (Fig. 3a) . As the concentration of MAb in the first sequence was reduced (Table 1) , a mixing of colors gradually appeared in areas of positive reactions (Table 1 , Fig. 3b-3d ). The same phenomenon was observed when the concentration of AEC was gradually reduced (Table 1) .
When the incubation steps were reversed using alkaline phosphatase/Fast Blue in the first sequence and peroxidase/AEC in the second sequence, strong color mixing arose, giving a dark-brown to black color (Fig.  3e ). As the concentration of AEC decayed, the color changed gradually to blue (not shown, same as Fig. 3d ).
Immunofluorescence, single and paired staining.
Bright blue (AMCA) (Fig. 4a ) or green (FITC) (Fig. 4b ) immunofluorescence resembling single to numerous small rod-shaped bacteria was demonstrated intracellularly in macrophages and epithelioid cells in granulomas and in areas of diffuse infiltration of inflammatory cells. Positive reactions were also detected intracellularly in macrophages not associated with granulomas and in areas of cell lysis where clusters of bacteria could be detected in the kidney interstitium. In paired stained sections that were exposed twice, a turquoise color was demonstrated (Fig. 4c) .
Antigen detection sensitivity. The staining end points determined by computer-assisted analysis on artificial substrates showed that the final detectable antigen concentrations were approximately 8-fold lower with ethanol fixation than with formalin fixation. The relative gray level intensity values (MAb concentration of 1.8 µg/ml) were almost identical at concentrations of p57 of 430 µg/ml and 54 µg/ml for formalin-and ethanolfixed specimens, 0.064 and 0.065, respectively. The corresponding values of MAb concentration of 3.6 µg/ ml were 0.018 and 0.020, respectively.
Staining efficiency. The staining intensity was linearly related to the logarithm of the antigen concentration (Fig. 5 ) between 26.9 and 430 µg/ml embedded in the artificial medium. The relative staining intensity and thus the staining efficiency was lower in formalinfixed specimens than in ethanol-fixed specimens under the same conditions, expressed as relative intensity values (Fig. 5 ).
Bacteriologic examination. Renibacterium salmoninarum was cultivated from 4 fish in Group I (fish nos. 2, 6, 9, and 10) and from all fish in Group II.
Discussion
The present study shows that R. salmoninarum can be identified in situ by immunoenzyme and immunofluorescence techniques, using MAbs against the 57-kD membrane protein. However, only the epitope identified by MAb 4D3 seemed to be formalin-resistant. Reliable and stable results using paired staining methods are most easily obtained using immunofluorescence. When evaluated in an artificial test substrate, ethanol preserves the antigenicity of the epitope identified by MAb 4D3 better than does formalin. The immunoenzyme method is 8 times more sensitive when using ethanol fixation than when using formalin fixation.
Although many different immunologic methods have been used for the identification of R. salmoninarum, there are few previous reports on the in situ identification in paraffin-embedded tissue specimens. l7 The advantages of immunoenzyme techniques over immunofluorescence methods have been emphasized; the possibility of keeping permanent records and the prospect of simultaneous evaluation of antigen detection and morphologic lesions have been particularly stressed. 17 Regarding the sensitivity of fluorescence methods as compared with immunoenzyme techniques for in situ identification of R. salmoninarum, 17 end point dilution values of primary antibodies and staining intensity have often been taken to indicate method sensitivity. 33 However, true evaluation of method sensitivity can only be achieved using artificial test substrates with known concentrations of antigen. 5, 33 In the present study, the staining end point using MAb 4D3 was approximately 8 times higher with ethanol fixation than with formalin fixation as evaluated on artificial test substrates. The same tendency was observed for in situ identification of R. salmoninarum in paraffin-embedded tissue specimens. Tissue preparation is known to be a crucial step in immunohistochemical investigations, 6 and formalin reduces the sensitivity of immunohistochemical techniques as compared with ethanol fixation for many antigens/epitopes. 7, 12 The mechanisms involved might be related to denaturation of antigens 30 and the formation of methylene bridges, both inter-and intramolecularly. 16, 29 These processes alter the physical characteristics of tissue 14 and induce masking of antigens. 6 The epi-topes identified by MAbs 4D3 and 2G5 are both located on the p57 molecule. 34, 35 Both epitopes are also identified in western blotting techniques, 35 in which the proteins become more or less denatured and only the primary sequence is spared, 18 indicating that both MAbs identify sequential epitopes. Recent studies have also shown that the 2 MAbs identify different domains but partly identical proteolytic fragments of the 57-kD protein. 35 The fact that the 2 epitopes show dissimilar resistance to formalin fixation underlines the need for evaluating fixatives in investigations aimed at in situ identification of antigens, because the fixative may have a major influence on the results obtained in immunohistochemical studies?
Pretreatment of tissue sections with proteolytic enzymes (trypsin, pronase) to restore the antigenicity of different antigens/epitopes has been applied with success in many instances. 6, 12, 13, 23, 24 Trypsin treatment was also evaluated in this study without any observable positive effects. The mechanisms involved are also poorly understood; etching and the breaking of inter-/intramolecular bonds have been proposed. 6 However, any such mechanism was insufficient for reestablishment of the antigenicity for the epitope identified by MAb 2G5.
The demonstration of positive staining of 2 epitopes on the same molecule is dependent on color mixing, and as shown in the present study, it is best achieved using immunofluorescence methods. These findings are similar to those of previous reports. 32 Furthermore, the observed masking or sheltering effect using AEC as chromagen in the first sequence and the diluting effect after serial dilution of the primary MAb or reduction of the concentration of the chromagen has also been previously reported. 32 By reversing the incubation steps, i.e., by using alkaline phosphatase and Fast Blue BB salt in the first sequence, color mixing was more easily obtained. Nevertheless, reliable and reproducible color mixing was most readily achieved by immunofluorescence, although the demonstration of color mixing is dependent on double exposure of paired stained sections.
Serial evaluation used for confirmation of the diagnosis would theoretically increase the specificity and reduce the sensitivity of a diagnostic test. 20 In immunohistochemical terms, specificity should be discussed in sets of two criteria, method specificity and antibody specificity. 27 Method specificity is the absence of any unwanted staining, but antibody specificity is more difficult to evaluate. Regarding the use of immunologic tests for the diagnosis of BISD, cross reactions to other bacteria have been observed for monoclonal 1 and polyclonal 28 antibodies, but such reactions have not been described for MAbs 4D3 and 2G5. Moreover, the use of serial evaluation after staining by 2 MAbs for confirmative diagnosis would increase the specificity of the immunologic test. 20, 21 In the context of BKD, the possibility of 2 different epitopes being shared by another (pathogenic) microbe is rather unlikely.
The present study showed that R. salmoninarum can be identified in situ in paraffin-embedded tissue specimens by immunohistochemical techniques using monoclonal antibodies identifying the p57 membrane protein of the bacterium. Simultaneous demonstration of a positive reaction in paired stained sections was dependent on color mixing and was best achieved using immunofluorescence methods. Preservation of antigenicity was dependent on ethanol fixation, which also increased the staining sensitivity 8-fold. Confirmative diagnosis based on serial evaluation will increase the specificity of the immunohistochemical method.
